Introduction
Poly (methyl methacrylate) (PMMA) is the most important thermoplastic polymer that has been widely used in various industrial fields due to its transparency, light weight and low cost [1] . It can substitute glass in several hard-use products such as antiriot vehicles, and it can be used in different technological applications, such as optical devices, optical lenses, and in gratings or waveguides [2] [3] [4] . In the field of optics, PMMA has been studied due to the intrinsic versatility of its molecular structure, which allows for enhanced refractive index modeling for core material, and also for the ease of manufacturing process and patterning capability [5, 6] . In the preparation of PMMA films, spin-coating can be used mainly because it allows fast and reproducible large scale production. Basically, the polymer solution is deposited on a static substrate, which is rotated at a given angular velocity during a given period of time ( Figure 1 ).
The thickness of the resulting films depends on the concentration of the polymer in solution, polymer molecular weight, spinning velocity, and spinning time [8] [9] [10] [11] . Solvents have been used to dissolve PMMA to obtain solutions. Hamdy et al. [4] dissolved PMMA in chloroform to produce transparent blue thin films/sheets using methylene blue dye (MB) as a dopant in PMMA for UV sensors. In Liu et al. [12] PMMA was dissolved in a binary solvent of N,N-dimethylacetamide and acetone to investigate the effect of solvents on solution properties and electrospun PMMA membrane morphology. Using different solvents, different PMMA morphologies and thicknesses can be obtained, and the type of solvent selected plays an important role in the uniformity and thickness of the PMMA films. A solvent with lower vaporizability results in better uniformity and lower thickness. Thus, the solvent should be selected based on the desired thickness and uniformity [13, 14] . Previous works showed PMMA films of 14 μm as core of planar polymeric waveguides [3] . Thickeness around 10 μm improving the connect in optical fiber, waveguides and optical interconect [3] . Then, the present work we attempt to compare the influence of spin-coating speeds and the concentration of PMMA dissolved in different solvents. A treatment of plasma on PMMA surface films around 10 μm of thickness was carried out. The morphology and roughness of PMMA films, before or/and after plasma treatment, were analyzed by atomic force microscopy (AFM), scanning electron microscopy (SEM), water contact angle measurement, refractive index and proflilometry.
Materials and Methods

Materials
PMMA was purchased from Rohm & Hass (Philadelphia, USA). Xylene, MIBK (methyl isobutyl ketone) and chloroform were supplied by Synth (Diadema, Brazil). All reagents were analytical grade and were used as received without further treatment. (100) Silicon substrates (10-20 ohm.cm, one-side polished, 0.610-0.640 mm thickness, and 75 mm diameter) were supplied from University Wafer (Boston, USA).
Methods
Gel Permeation Chromatography
Number average molecular weight (Mn), weight average molecular weight (Mw), peak molecular weight (Mp) and poly-dispersity (Mw/Mn) of PMMA and the polymer standards were determined by gel permeation chromatography (GPC) (Waters 410) equipped with three columns arranged in sequence (HR-3, HR-4 and HR-5) with the stationary phase of styrene-divinylbenzene with pore dimensions of 10 3 , 10 4 and 10 5 Å, respectively. A constant flow of 1 mL/min of tetrahydrofuran (THF) solution was used. PMMA samples were solubilized at 0.1% (w/w) in THF and injected into the chromatograph (100 μL). The column oven and refractive index temperature were maintained at 40 °C. The molecular weight was determined using the software program Millennium 2010.
2.2.2 Preparation of PMMA solutions for spin-coating and plasma PMMA films PMMA coatings were prepared by spin-coating using a PWM32 spin-coater by Headway Research Inc. The spin-coating solution consisted of PMMA (Plexiglas -VO 052) dissolved at a concentration in distinct solvents -xylene, a mixture of MIBK-xylene, and chloroform. The ratio of MIBK-xylene was 1:1 (v/v). The concentration of polymer and spin-coating speed were selected to provide a homogenous coating thickness over the entire silicon. The range and level of the independent variables and coded values are presented in Table 1 . The presence of solvents in the PMMA films was monitored until mass was kept constant.
PMMA films with thicknesses of 10 μm were exposed to CHF 3 gas plasma in a parallel plate reactor (ACG 3PT, Serial 587 -ENIRF Inc.) connected to a radio frequency (RF) power source (13.56 MHz). The plasma chamber is made of stainless steel and the electrode uses water as a coolant. The chamber can accommodate up to 12 samples altogether in one round of deposition. The gas inlet is located at the top of the chamber, while the bottom has circular grooves to fit samples and position them at the same level (Figures 2a and 2b ). After polymerization, the samples were wrapped in paraffin and stored in a petri dish for further analysis.
Characterization of PMMA films
Thickness measurements and refractive index
Gravimetry (10 -5 g) technique was used to estimate thickness of the PMMA films, using density of pure PMMA. The thickness of PMMA films and refractive index of the fluorinated film and PMMA film was confirmed by metricon prism coupler (METRICON 2010, λ= 632.8 nm).
Atomic force microscopic measurements of surfaces
The surface topography and roughness of the PMMA films were studied using an atomic force microscopy (AFM) (Auto Probe CPII Park Scientific Instrument). Scans of 100 μm are recorded in noncontact mode with a silicon probe with a curvature radius of less than 10 nm, a constant force of 1.75 N/m and operating at a resonance frequency of 155 kHz. The root mean square roughness was calculated over the surface (5x5 μm).
Surface morphology using scanning electron microscopy
The morphologies of silicon and PMMA films surfaces were observed using a scanning electron microscopy (SEM) (440i LEO). Samples were cut (0.7 x 0.4 cm) and covered with gold, operating at an acceleration voltage of 5 kV.
Profilometry measurements of roughness
Roughness parameters of silicon and PMMA films before and after plasma treatment were obtained by profilometry (Dektac-Veeco -6M). A diamond probe traversed all samples (5,000 μm -central region for 30 s, with a vertical resolution of 650 kÅ) in different areas.
Contact angle measurements
The water contact angles of all the surfaces were measured using contact angle of surface wetting (Tantec Half-Angle CAM -MICRO), with deionized water. The contact angle was measured at three different points on each sample and the average values of triplicate samples were reported.
Results and Discussions
The average molecular weight of PMMA studied by GPC is shown in Table 2 . The value measured for PMMA is in agreement with the reported in literature for spin-coated films [15] . PMMA was dissolved in xylene, a mixture of MIBK-xylene and chloroform. Chloroform was the fastest solvent to dissolve PMMA (2 h at 25 °C ± 1 °C), followed by the MIBK-xylene mixture (8 h at 50 °C ± 2 °C). Xylene was the solvent with Figure 1 . Spin-Coating procedure [7] . greatest dissolution time (9 h at 50 °C ± 2 °C). Although MIBK solvent can also be used to solubilize PMMA, it was not used in this work because of its solubility parameter. The miscibility of a polymer can be determined quantitatively by the difference between δ P (polymer solubility) and δ S (solvent solubility), where solvents may be classified as good, medium and bad for a given polymer [16] . ), which provides a difference greater than 1.5. In the case of using the mixture of MIBK-xylene, the solubility is the average of those of the pure solvents [17] . However, it is not just the type of solvent/polymer that influences the process. Other variables inherent to the structure of the polymer significantly contribute to the solubility process. High crystallinity and high molecular weights have a negative effect, which makes it more difficult to choose an appropriate solvent [18] .
The response surface methodology for seven factorial design experiments for each solvent is presented in Table 3 . Data analysis was done using the Statistica program (version 6.0). It was found that both the dissolved PMMA into xylene and the MIBK-xylene mixture have induced thinner thicknesses than the chloroform solvent, as expected, considering similar conditions. Variance analysis of the films thicknesses obtained using factorial design is presented in Table 4 . It shows that the F calculated value for the regression using chloroform was 68.4, while the F critical value (p = 0.05, degrees of freedom for regression: 3; degrees of freedom for residual: 3) was 9.28, validating the response surface shown in Figure 3 with a determination coefficient (R 2 ) of 0.98. The mathematical model generated is shown in Equation 1 (X 1 : chloroform concentration and X 2 : spin-coating speed). Other solvents, by F calculated less than the F critical value were not shown in the response surface. However, using a nonlinear first-order model for the film thickness variable (Equation 1), the exact value was determined: 1,900 rpm (spin-coating speed) and 15.36 (g/L) (concentration of PMMA) for films around of 10 μm.
To understand the behavior of PMMA films dissolved in xylene, the mixture of MIBK-xylene and chloroform, atomic force microscopy study has been carried with PMMA films obtained in 20 g/L and 1,000 rpm (xylene and MIBK-xylene) and 15.36 g/L and 1,500 rpm for chloroform. PMMA films dissolved in xylene with thickness of 7.70 μm (Figure 4a ) and MIBK-xylene with thickness of 7.57 μm (Figure 4b) showed increasing peaks and values (276 nm and 237 nm, respectively) compared to PMMA films dissolved in chloroform (171 nm) (Figure 4c) . The attained thin films of both the xylene and MIBK-xylene mixture showed morphological changes with larger formations of convection cells than the film dissolved in chloroform. This behavior seems to be associated with the physico-chemical properties of the solvents. In case of solvent evaporation, convection cells structures can be formed [19] . Yamamura et al. [19] showed that solvent-drying rates provided quantitative information for the concentration variation in the phase-separating solutions, which lead to the formation of the particular cellular patterns. With decreasing air velocity in polymeric films, the transition from the cellular patterns to the pattern-free structures occurred. However, these features can be used to control the process conditions, such as rotation and spinner deposition time, as well as the solids concentration in solution.
Surface roughness measurement using AFM showed that average root mean square (rms) of PMMA films in xylene, MIBK-xylene and chloroform was 20, 20 and 15 nm, respectively. However even using the non-contact mode, PMMA films showed stripes probably by film fragility. These stripes were observed in all samples. PMMA films dissolved in chloroform showed reduction of roughness using AFM. The morphological in the silicon substrate and PMMA films dissolved in chloroform over silicon were observed using scanning electron microscopy and the SEM micrographs are showed in Figure 5 . Silicon exhibited a plane surface (Figure 5a ), but when PMMA was dissolved in chloroform we observed roughness by formation of clusters and clumps, with structures non-uniform in the PMMA films deposited on silicon. Figure 5b shows the micrograph of PMMA films over silicon exhibiting rough surface structure. To discuss the appearance of PMMA film dissolved in chloroform, the film was removed from the silicon and the micrograph is show in Figure 5c . The appearance of the film without the silicon shows great morphological difference indicating clearly the intrinsic characteristic of convection cells structures confirmed by the AFM analysis.
Padilha et al. [20] studied the effect of plasma treatment on the deposition of films fluorinated over PMMA, the results showed that films treated using CHF 3 plasma obtained acceptable thickness for optical devices. Under these conditions, a profilemeter analysis has been carried out. Their results are shown in Table 5 . These results showed that the time was a factor in films that were smoother after plasma treatment using 0.7 torr -1423 Å (40 min) to 4402 Å (20 min) on 10 μm PMMA films. This behavior has also been observed in samples at 0.3 torr and 30 min as shown in Table 5 . Figure 6 shows a comparison of the silicon substrate, whose value was not detected by the device due to measured roughness above 25 Å (silicon shows a low roughness, close to 3 Å [21] ), and the both roughness of PMMA film dissolved in chloroform and plasma deposited on PMMA (0.7 torr and 20 min.).
In fact, it is possible to fabricate optical polymeric films. Therefore, just varying plasma time over PMMA films, low roughness can be obtained. Giacon et al. [3] showed that thickness for the fluorinated film around 0.57 μm was suitable for cladding of PMMA with core of 14 μm. While Padilha et al. [20] observed 0.61 μm of fluorinated polymer at 0.7 torr and 20 min. In this present work, PMMA films treated with plasma showed low roughness at this plasma condition. This observation can be explained by decrease of the contact time of CHF 3 with the samples. Figure 6 . Roughness analysis of silicon, PMMA film dissolved in chloroform and plasma over PMMA film.
Contact angle measurement for the PMMA dissolved in chloroform (before plasma treatment) was 71.3° ± 3.4, where the typical value is 70.5° ± 3.1 [22] . PMMA samples exposed to CHF 3 plasma shows a significant increase in the contact angle (the average of all samples after plasma treatment was 105.5° ± 3.4) in relation to the original PMMA and very close to the reported for fluorinated polymer -PTFE (110°) [23] , proving that plasma treatment can get a good modification for films. This modification of PMMA film surface can be explained by the presence of fluorine atoms that decrease the surface free energy, increasing the values of contact angle [24, 25] . PMMA studies showed low level of attenuation in optical devices. Usually, the cladding has slightly smaller refractive index than pure PMMA. Bartoli et al. [26] observed greater speed and higher quality of transmission in polymeric optical fibers. PMMA was coated with hydrofluorocarbon (HFC) plasma. The reduced gradually of the refractive index in coating layer allowed performance gains.
The refractive index of PMMA solved in chloroform was 1.49. However, after of the plasma treatment the refractive index of 1.41 was attained. In similar cases, when plasma of CF 4 + H 2 was deposited on PMMA, the refractive index was 1.43 [26] . Thus, plasma treatment used in this study to produce polymeric optical films allows polymer waveguides to be manufactured, with a numerical aperture (NA) near 0.5. Polymeric structures generally have been manufactured with an NA between 0.3 and 0.5, and the structure of silica with NA of about 0.14 is attained, as previously reported [27] . The use of chloroform as a solvent can contribute to an acceptable roughness for polymeric optical films.
Conclusions
PMMA films dissolved in chloroform showed acceptable roughness for thin films when compared with other solvents -xylene and the mixture of MIBK-xylene. PMMA dissolved in chloroform -15.36 (g/L), produced films with thickness of 10 μm by spin coating. These films were exposed to CHF 3 plasma. Using chloroform to dissolve PMMA, tiny and shallow cells were created according to AFM results, while deep cells with frequent cavities were observed for different solvents. Both SEM and AFM analyses have revealed typical cell structures. Plasma treatment has favored to decrease the roughness, as detected using profilemeter. Profilemeter results showed different values of roughness according to plasma process (1423 ± 101 to 4402 ± 99). The contact angle confirmed modification on the PMMA film surface after plasma treatment. We also investigated the refractive index after plasma treatment. In this case, the refractive index was lower than the PMMA film alone. The use of plasma for cladding using PMMA core presents satisfactory results and may be an alternative for polymeric optical devices application.
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